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GAS TURBINE COOLED SHROUD ASSEMBLY WITH HOT GAS INGESTION 

SUPPRESSION 

BACKGROUND OF THE INVENTION 

5 

[0001] The present invention generally relates to gas turbine engine systems 
and, more particularly, to gas turbine cooled shroud assemblies. 
[0002] Turbine shroud assemblies have been used extensively in gas turbine 
engines. The turbine shroud assembly may be positioned immediately 

10 downstream of a high pressure turbine (HPT) nozzle. The turbine shroud 
assembly may surround a HPT rotor and may define an outer boundary of a 
high temperature gas flow path through the HPT. During engine operation, 
exposure to the high temperature gas flow may result in failure of the turbine 
shroud components. Due to the differing expansion of rotor and turbine shroud 

15 assembly components, it may also result in contact between the turbine shroud 
assembly and the blade tips of the rotor. A small amount of cooling air from a 
compressor may be used to decrease some of the adverse effects of the high 
temperature gas flow. 

[0003] Minimizing the amount of air necessary to cool the turbine shroud 
20 assembly is desirable because engine efficiency decreases as the amount of 
cooling air increases. Methods for minimizing the cooling air necessary may 
include decreasing cooling air leakage from the assembly or reducing the 
cooling needs of the system by increasing the effectiveness of the cooling 
scheme. 

25 [0004] Turbine shroud assemblies have experienced significant distress due 
to a lack of robust sealing of the assembly. This leakage may result in a 
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significant reduction in the cooling cavity pressure (and back flow margin), 
which can result in hot gas ingestion and distress in the hardware. Back flow 
margin is the ratio of the difference between the shroud cooling cavity pressure 
and the flow path pressure to the flow path pressure. If the back flow margin of 
5 the assembly becomes negative (or for some designs even a low positive 
number), hot flow path gas may ingest into portions of the shroud and can 
cause significant distress. One challenge in maintaining good back flow margin 
is due to the difficulty in sealing the various leak paths that allow the cooling air 
to escape from the shroud cooling cavity. 

10 [0005] Several methods of reducing cooling air leakage have been disclosed. 
These methods include the use of metallic feather type seals and metallic 
platform seals. Unfortunately, platform seals are not suitable for some 
applications, and the metallic feather seals, which are secured in machined 
grooves in the sides of the segments, may fail in the operating environment of 

15 some engines. In addition, assembly technicians may cut themselves on the 
small, sharp metallic platform seals. 

[0006] Methods of reducing system cooling needs have also been disclosed. 
Manufacturing the assembly components from more robust materials and 
utilizing Thermal Barrier Coatings (TBC) have been described. Designs that 

20 utilize TBCs to keep the shrouds insulated from the hot flow path gas can 
experience delamination of the TBC, which in turn results in shroud distress. 
The shroud distress can result in large turbine blade tip clearances. The 
subsequent increase in turbine blade tip clearance increases fuel consumption 
and also results in an increase in turbine inlet temperature, which further 

25 distresses the hardware. 

[0007] Methods of increasing the effectiveness of cooling configurations 
have been disclosed. In one method complex arrays of film cooling holes have 
been drilled into shroud segments. Although, this results in increased cooling of 
the turbine shroud assembly, all edges of the shroud segments may not be 

30 sufficiently cooled and system integrity may suffer. 
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[0008] Turbine shroud assemblies having increased cooling of the shroud 
segment edges have been disclosed. One such disclosure utilizes an 
interlocking hook/shelf on the ends of the segments in conjunction with 
conventional feather seals and slots to produce an end gap seal between the 
5 adjacent circumferential segments. In addition, this disclosure uses film cooling 
holes to reinforce cooling at the sides of the segment. Although, cooling of the 
shroud segment edges is increased, the metallic feather seals may suffer 
distress at higher operating temperatures due to hot gas ingestion, resulting in a 
loss of back flow margin to the assembly. 

10 [0009] Turbine shroud assemblies having reduced hot gas ingestion have 
been disclosed in U.S. Pat. No. 4,573,866. These assemblies utilize pin fins to 
cool the shroud segments and incorporate sheet metal seals and bellows seals 
to reduce cooling flow leakage. A cooling flow is used to pressurize the area 
around the shroud segment sides. A feather seal and a tongue-and-groove 

15 interlocking feature for adjacent segments are also utilized. Although this 
results in a reduction of hot gas ingestion at the sides of the segments, hot gas 
ingestion at the shroud forward and aft cavities may not be sufficiently reduced. 
[0010] Shroud cooling assemblies having improved cooling of the aft C-clip 
have been disclosed in U.S. Pat. No. 6,139,257. Cooling holes are formed in 

20 the aft rail of the shroud segments to impingement cool the aft corners of the 
shroud and to pressurize the aft cavity between the base of the shroud segment 
and the C-clip. Although hot gas ingestion and consequent overheating of the 
aft corners of the shroud may be reduced, assemblies having further reductions 
in hot gas ingestion are needed. 

25 [0011] As can be seen, there is a need for improved turbine shroud 
assemblies. Additionally, turbine shroud assemblies are needed wherein hot 
gas flow ingestion is decreased. Further, assemblies are needed wherein 
cooling air flow is minimized while allowing for increased gas flow temperatures. 
Assemblies are needed wherein hot gas ingestion at the shroud forward and aft 

30 cavity is reduced. Moreover, turbine shroud assemblies having increased 
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cooling to the high pressure seals and the shroud hangers are needed. 

SUMMARY OF THE INVENTION 

5 [0012] In one aspect of the present invention, a cooled shroud assembly for a 
turbine engine comprises a recirculation cavity capable of recirculating a flow 
therein, the recirculation cavity positioned radially outward from a hot gas flow 
path through the turbine engine; at least one dilution jet opening in flow 
communication with the recirculation cavity; and an angled slot positioned 

10 radially inward from the recirculation cavity, the angled slot in flow 
communication with the recirculation cavity and the hot gas flow path. 
[0013] In another aspect of the present invention, an apparatus for a turbine 
engine comprises a hot ingestion gas zone cavity positioned radially outward 
from a hot gas flow path through the turbine engine; at least one warm middle 

15 zone cavity positioned radially outward from and in flow communication with the 
hot ingestion gas zone cavity; a cool upper zone cavity positioned radially 
outward from and in flow communication with at least one warm middle zone 
cavity; an angled slot positioned radially inward from the hot ingestion gas zone 
cavity, the angled slot in flow communication with the hot ingestion gas zone 

20 cavity and the hot gas flow path; and a plurality of dilution jet openings 
positioned radially outward from the angled slot and in flow communication with 
at least one warm middle zone cavity. 

[0014] In still another aspect of the present invention, an assembly for a high 
pressure turbine (HPT) shroud comprises a recirculation cavity having a hot 

25 ingestion gas zone cavity, a warm middle zone cavity, and a cool upper zone 
cavity, the recirculation cavity positioned radially outward from a hot gas flow 
path through the HPT; a plurality of dilution jet openings positioned aft of and in 
flow communication with the recirculation cavity; and an angled slot in flow 
communication with the recirculation cavity and the hot gas flow path, the 

30 angled slot positioned radially inward from the recirculation cavity. 
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[0015] In yet another aspect of the present invention, a turbine shroud 
assembly for a turbine engine having a plurality of airfoils comprises a hot 
ingestion gas zone cavity positioned radially outward from a hot gas flow path 
through the turbine engine; a warm middle zone cavity positioned radially 
5 outward from and in flow communication with the hot ingestion gas zone cavity; 
a cool upper zone cavity positioned radially outward from and in flow 
communication with the warm middle zone cavity; an angled slot positioned 
radially inward from the hot ingestion gas zone cavity, the angled slot in flow 
communication with the hot ingestion gas zone cavity and the hot gas flow path, 

10 the angled slot having a slot angle between about 20° and about 60°; and a 
plurality of dilution jet openings positioned radially outward from the angled slot 
and in flow communication with the warm middle zone cavity, at least one said 
dilution jet opening positioned circumferentially in line with a trailing edge wake 
of each airfoil, and wherein a distance between a flow exit end of each dilution 

1 5 jet opening and the hot ingestion gas zone cavity is at least about 0.20 inches. 
[0016] In a further aspect of the present invention, a method of shielding a 
turbine engine from a hot gas flow path there through comprises the steps of 
providing a hot ingestion gas zone cavity radially outward from the hot gas flow 
path; positioning at least one dilution jet opening in flow communication with a 

20 shroud cooling cavity of the turbine engine and the hot ingestion gas zone 
cavity, such that flow recirculation is induced within the hot ingestion gas zone 
cavity during operation of the turbine engine; and positioning an angled slot 
between and in flow communication with the hot ingestion gas zone cavity and 
the hot gas flow path. 

25 [0017] These and other features, aspects and advantages of the present 
invention will become better understood with reference to the following 
drawings, description and claims. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] Figure 1 is a cross sectional view of a cooled turbine shroud assembly 
according to one embodiment of the present invention; 
5 [0019] Figure 2 is a close-up view of Figure 1 showing flow patterns 
according to one embodiment of the present invention; 

[0020] Figure 3 is a static pressure distribution in a wake region according to 
one embodiment of the present invention; 

[0021] Figure 4 is a plot of circumferential pressure variation as a function of 
10 axial distance from an airfoil trailing edge according to one embodiment of the 
present invention; 

[0022] Figure 5 is a plot of circumferential pressure variation as a function of 
radial distance into a shroud forward cavity according to one embodiment of the 
present invention; 

15 [0023] Figure 6 is a computational fluid dynamics analysis of hot gas 
ingestion in an HPT shroud forward cavity according to one embodiment of the 
present invention; and 

[0024] Figure 7 is a computational fluid dynamics analysis of hot gas 
ingestion in a prior art HPT shroud forward cavity. 

20 

DETAILED DESCRIPTION OF THE INVENTION 

[0025] The following detailed description is of the best currently contemplated 
modes of carrying out the invention. The description is not to be taken in a 
25 limiting sense, but is made merely for the purpose of illustrating the general 
principles of the invention, since the scope of the invention is best defined by 
the appended claims. 

[0026] The present invention generally provides gas turbine cooled shroud 
assemblies and methods for producing the same. The cooled shroud 
30 assemblies produced according to the present invention may find beneficial use 
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in many industries including aerospace and industrial applications. The cooled 
shroud assemblies of the present invention may be beneficial in applications 
including electricity generation, naval propulsion, pumping sets for gas and oil 
transmission, aircraft propulsion, automobile engines, and stationary power 
5 plants. This invention may be useful in any gas turbine engine application. 

[0027] In one embodiment, the present invention provides a gas turbine 
cooled shroud assembly with hot gas ingestion suppression for a gas turbine 
engine. The gas turbine engine may have a cavity forward of the shroud 
segments, the shroud forward cavity. During engine operation, the shroud 

10 forward cavity may ingest a hot gas flow from the hot gas flow path. The 
ingested hot gas flow may be detrimental to engine components radially 
outward from the shroud segments, such as shroud carriers and stator 
retainers. Unlike the prior art, the present invention may comprise a 
recirculation cavity and a dilution jet opening which is recessed axially from the 

15 recirculation cavity. The recirculation cavity in combination with a cooling flow 
from the dilution jet opening may trap the ingested hot gas flow near the hot gas 
flow path and may dilute the hot gas flow, reducing the temperature of the 
ingested hot gas flow. The cooled shroud assembly may further comprise an 
angled slot positioned between the shroud segment leading edge and the stator 

20 outer endwall trailing edge. The angled slot forces an axial change in 
momentum of the ingested hot gas flow and allows for greater attenuation of the 
circumferential static pressure variation in the shroud forward cooling cavity 
which results from a circumferential static pressure variation in the hot flow path 
due to the stator airfoil trailing edge wakes. 

25 [0028] As seen in Figure 1, a cooled turbine shroud assembly 19 may 
comprise a recirculation cavity 21, an angled slot 25, a dilution jet opening 26, a 
turbine blade 27, a shroud segment 28, a thermal barrier coating (TBC) 29, a 
stator retainer 30, a convoluted high pressure seal 31, a combustor plenum 32, 
a shroud carrier 33, a wave seal 34, a stator airfoil 35, and a stator aft flow 

30 discourager 36. As better seen in Figure 2, a cooled turbine shroud assembly 
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19 may comprise an angled slot 25, a recirculation cavity 21, and a dilution jet 
opening 26. The recirculation cavity 21 may comprise a hot ingestion gas zone 
cavity 22, a warm middle zone cavity 23, and a cool upper zone cavity 24. 
[0029] During engine operation, a hot gas flow 37 from a hot gas flow path 38 
5 may pass through the angled slot 25 and into the hot ingestion gas zone cavity 
22. A dilution jet cooling flow 40 may exit the dilution jet opening 26 and enter 
the recirculation cavity 21 . A dilution jet cooling flow 40 may contact a surface 
modification 55 to produce a first portion dilution jet cooling flow 41 and a 
second portion dilution jet cooling flow 42. The first portion dilution jet cooling 

10 flow 41 may enter the hot ingestion gas zone cavity 22; the second portion 
dilution jet cooling flow 42 may enter the warm middle zone cavity 23. The first 
portion dilution jet cooling flow 41 may swirl together and recirculate with the hot 
gas flow 37 entering the hot ingestion gas zone cavity 22, reducing the 
temperature of the hot gas flow 37 and trapping the hot gas flow 37 near the hot 

15 gas flow path 38. The second portion dilution jet cooling flow 42 may recirculate 
within the warm middle zone cavity 23, further reducing the temperature of the 
hot gas flow 37 within the hot ingestion gas zone cavity 22 and shielding engine 
components, such as shroud carriers 33, from the hot gas flow 37. A seal 
leakage cooling flow 43 from a high pressure seal, such as a convoluted high 

20 pressure seal 31, may enter and recirculate within the cool upper zone cavity 
24. The recirculating seal leakage cooling flow 43 may shield the high pressure 
seal from the hot gas flow 37, reducing seal distress. 

[0030] The angled slot 25, as shown in Figure 2, may be positioned between 
a turbine stator outer endwall trailing edge 44 and a leading edge 39 of the 

25 shroud segment 28. In one embodiment, the angled slot 25 may be forward of 
the shroud segments 28. In a second embodiment, the angled slot 25 may be 
aft of the shroud segments 28. For example, the angled slot 25 may be 
positioned between a turbine duct outer endwall leading edge 60 and a trailing 
edge 58 of the shroud segment 28 as shown in Figure 1. The angled slot 25 

30 may be provided by known manufacturing methods and may be provided during 
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fabrication of the shroud segments 28 and the stator aft flow discourager 36. 
The dimensions of a useful angled slot 25 may vary with engine design and 
application. A useful angled slot 25 may accommodate the relative motion of 
the assembly components and may accommodate a cooling flow exiting the 
5 shroud forward cavity 50. An axial engine centerline axis 45 and a line 46 
through the angled slot 25 may define a slot angle 47. A useful slot angle 47 
may vary with application, may accommodate axial/radial excursion, and may 
allow flow passage during engine operation. Other factors affecting a useful 
slot angle 47 may include turbine engine design constraints and material 

10 limitations. A useful slot angle 47 may be less than about 90°. A preferred slot 
angle 47 may be less than about 60°. A more preferred slot angle 47 may be 
between about 20° and about 60°. The angled slot 25 allows attenuation of the 
circumferential static pressure variation of the hot gas flow 37 ingested into the 
shroud forward cavity 50 and the hot ingestion gas zone cavity 22. The result is 

15 an increase in effective back flow margin in the shroud cooling cavity 54 with 
respect to the static pressure at the flow exit end 56 of the dilution jet openings 
26, as shown in Figure 2, since the peak static pressure at the jet exit is 
reduced. 

[0031] The hot gas flow 37 ingested into the shroud forward cavity 50 may be 
20 driven by the circumferential pressure variation that occurs in a wake region 48 
downstream of an airfoil trailing edge 49. A representative circumferential static 
pressure distribution in a wake region 48 is depicted in Figure 3. As can be 
seen, the static pressure is higher in line with the airfoil trailing edge 49 wakes 
and lower away from the airfoil trailing edge 49 wakes. Figure 4 is a plot of the 
25 circumferential static pressure variation as a function of axial distance from the 
airfoil trailing edge 49. As can be seen, the circumferential static pressure 
variation attenuates with axial distance. Figure 5 is a plot of the circumferential 
static pressure variation as a function of radial distance into the shroud forward 
cavity 50. As can be seen, the circumferential static pressure variation 
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attenuates with radial distance. Unlike the prior art, an angled slot 25 in 
conjunction with dilution jet openings 26 which exit into a recirculation forward 
cavity 50 and 21 and which are recessed radially from the flow path 38 and 
recessed axially from the shroud segment leading edge 39 will increase the 
5 effective axial and radial attenuation distance between the stator airfoil trailing 
edge wake regions 48 and the shroud dilution jet exits 56, thereby reducing the 
circumferential pressure variation at the dilution jet exits 56. Essentially, the 
angled slot 25 forces an axial change in momentum of the hot gas flow 37 as 
the hot gas flow 37 passes from the hot gas flow path 38 to the recirculation 

10 cavity 21. The axial change in momentum of the hot gas flow 37 results in less 
dynamic pressure recovery and further reduces the pressure variation. 
Because the axial change in momentum of the hot gas flow 37 also may 
increase the heat load to the leading edge 39 of the shroud segment 28, a 
thermal barrier coating (TBC) 29 may be utilized. 

15 [0032] Thermal barrier coatings (TBC) 29 are known in the art and may be 
applied to the leading edge 39 of the shroud segments 28, as shown in Figures 
1 and 2. A useful TBC 29 may be Zircoat (by PRAXAIR) and may be applied by 
plasma spray technique. The TBC 29 may provide thermal insulation against 
the hot gas flow 37 and may reduce the cooling requirement of the shroud 

20 segments 28. The hot gas flow 37 may impinge the TBC 29 on the leading 
edge 39 of the shroud segment 28, pass through the angled slot 25, enter the 
recirculation cavity 21, and contact a dilution jet cooling flow 40. 
[0033] A dilution jet opening 26 may provide the dilution jet cooling flow 40. 
The dilution jet cooling flow 40 may dilute the hot gas flow 37 that enters the 

25 recirculation cavity 21, reducing the temperature of the hot gas flow 37 and 
reducing thermal distress to engine components caused by the hot gas flow 37. 
The forward hook 51 of the shroud segment 28 may have at least one dilution 
jet opening 26 there through. The forward hook 51 of the shroud segment 28 
may be radially outward from a shroud segment forward lip 53 and forward of 

30 the shroud cooling cavity 54. For an embodiment wherein the recirculation 
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cavity 21 is a shroud aft cavity 57, the aft end of the shroud segment 28 may 
have at least one dilution jet opening 26 there through. Cooling flow from the 
shroud cooling cavity 54 may pass through the dilution jet opening 26 to 
produce the dilution jet cooling flow 40. The cooled turbine shroud assembly 19 
5 may comprise a plurality of dilution jet openings 26. As shown in Figure 2, the 
dilution jet openings 26 may be positioned radially outward from and aft of the 
shroud segment forward lip 53. The dilution jet opening 26 may be positioned 
radially inward from and aft of a shroud carrier forward hook 52. By positioning 
the dilution jet openings 26 away from the leading edge 39 of the shroud 

10 segments 28, an axial and radial attenuation distance may be created which 
further reduces the pressure variation at a flow exit end 56 of the dilution jet 
openings 26. The reduction in pressure variation at the flow exit end 56 of the 
dilution jet opening 26 may result in an effective increase in back flow margin 
and improved shroud cooling. 

15 [0034] In one embodiment of the present invention, at least one dilution jet 
opening 26 may be positioned circumferentially in line with each airfoil trailing 
edge 49 wake. For example, for a cooled turbine shroud assembly 19 having 
30 stator airfoils 35, a cooled turbine shroud assembly 19 may comprise at least 
about 30 dilution jet openings 26. The preferred orientation for the dilution jet 

20 cooling flow 40 is to dilute the high pressure zones of the ingestion flow as the 
hot ingestion flow enters the recirculation cavity 21. Known methods of 
determining the circumferential high pressure zones include computational fluid 
dynamics (CFD) analyses, which can quantify the circumferential static pressure 
variation in the flow field as the hot flow path gas 37 travels from the stator 

25 airfoil trailing edge wake regions 48 into the shroud forward cavities 50 and 21. 
For some applications, due to engine design constraints, less than one dilution 
jet opening 26 per stator airfoil 35 may be useful. Methods for producing the 
dilution jet openings 26 are known in the art. Useful methods for forming the 
dilution jet openings 26 may include electrical discharge machining (EDM). 

30 EDM applications such as drilling by spark erosion may be useful for producing 
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the dilution jet openings 26. The diameter of a useful dilution jet opening 26 
may vary with cooled turbine shroud assembly 19 application. For example, for 
a high pressure turbine (HPT) shroud assembly, such as in a Honeywell 
TFE731-60 engine, a useful diameter of a dilution jet opening 26 may be about 
5 0.02 inches. For some applications, the diameter of a useful dilution jet opening 
26 may be between about 0.015 and about 0.050 inches. 

[0035] The dilution jet openings 26 may be positioned such that they are at 
an angle to an axial engine centerline axis 45. For some applications, there 
may be a radial component to the angle such that the dilution jet cooling flow 40 

10 may be directed toward the shroud carrier forward hook 52 or the shroud 
segment forward lip 53. The angle of the radial component may be between 
about 5° and about 45° and may increase cooling to the shroud carrier forward 
hook 52 or the shroud segment forward lip 53. There may be a tangential 
component to the angle such that the dilution jet cooling flow 40 may induce 

15 flow recirculation within the recirculation cavity 21. A tangential component to 
the angle may also be utilized to dilute the high pressure hot ingestion gases 
that penetrate the forward cavity. The angle of the tangential component may 
be between about 5° and about 60°. Computational fluid dynamics (CFD) 
analysis may be used for determining the orientation of preferred dilution jet 

20 openings 26. The preferred orientation may vary with application, engine 
design, and recirculation cavity 21 dimensions. 

[0036] The recirculation cavity 21 may be a shroud forward cavity 50 that 
has been modified such that flow recirculation may be induced within the shroud 
forward cavity 50. The recirculation cavity 21 may be a shroud aft cavity 57 that 
25 has been modified such that flow recirculation may be induced within the shroud 
aft cavity 57. In some applications, the shroud carrier 33 and the stator retainer 
30, as shown in Figure 1, may form the recirculation cavity 21. For some 
applications, the recirculation cavity 21 may be formed in part by other engine 
components such as HPT nozzles (not shown) and stator outer diameter 
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flanges (not shown). Any combination of engine components useful in forming 
a shroud forward cavity 50 or a shroud aft cavity 57 may be useful in forming a 
recirculation cavity 21. The recirculation cavity 21 may be capable of receiving 
a dilution jet cooling flow 40 and a hot gas flow 37. Within the recirculation 
5 cavity 21 , the dilution jet cooling flow 40 may swirl together with the hot gas flow 
37, reducing the temperature in a hot ingestion gas zone cavity 22. The 
recirculation cavity 21 may comprise a hot ingestion gas zone cavity 22. The 
recirculation cavity 21 may comprise a hot ingestion gas zone cavity 22 and a 
cool upper zone cavity 24. The recirculation cavity 21 may comprise a hot 

10 ingestion gas zone cavity 22, at least one warm middle zone cavity 23, and a 
cool upper zone cavity 24. A useful recirculation cavity 21 may depend on 
factors including application and engine design constraints. 
[0037] The recirculation cavity 21 may comprise a plurality of surface 
modifications 55 such that flow recirculation may be induced in a hot ingestion 

15 gas zone cavity 22. The recirculation cavity 21 may comprise a plurality of 
surface modifications 55 such that flow recirculation may be induced in a warm 
middle zone cavity 23 and in a cooled upper zone cavity 24. Computational 
fluid dynamics (CFD) analysis may be used to determine the orientation and 
location of useful surface modifications 55. The dimensions of useful surface 

20 modifications 55 may depend on factors including application and engine 
design. For example, for a TFE731-60 engine, the surface modifications 55 
may be fillets having a radius between about 0.02 inches and about 0.5 inches. 
Surface modifications 55 may include fillets and chamfers. 
[0038] In one embodiment of the present invention, as shown in Figure 2, the 

25 recirculation cavity 21 may comprise a hot ingestion gas zone cavity 22, a warm 
middle zone cavity 23, and a cool upper zone cavity 24. The recirculation cavity 
21 may be capable of receiving a dilution jet cooling flow 40 and capable of 
dividing the dilution jet cooling flow 40 such that a first portion dilution jet cooling 
flow 41 and a second portion dilution jet cooling flow 42 are produced. One 

30 surface modification 55, such as a fillet, positioned forward of and in line with 
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the dilution jet opening 26 may divide the dilution jet cooling flow 40 that enters 
the recirculation cavity 21 to produce the first portion dilution jet cooling flow 41 
and the second portion dilution jet cooling flow 42. The first portion dilution jet 
cooling flow 41 may flow radially inward and enter a hot ingestion gas zone 
5 cavity 22 and the second portion dilution jet cooling flow 42 may flow radially 
outward and enter a warm middle zone cavity 23. The first portion dilution jet 
cooling flow 41 may swirl together with a hot gas flow 37, thus reducing the 
temperature in the hot ingestion gas zone cavity 22. This swirling together of 
the dilution jet cooling flow 41 with the hot gas flow 37 facilitates trapping the 

10 hot gas flow 37 near the hot gas flow path 38, thus urging the hot gas flow 37 
back into the hot gas flow path 38. The second portion dilution jet cooling flow 
42 may enter a warm middle zone cavity 23 and may be induced to recirculate 
by a second surface modification 55. The warm middle zone cavity 23 may 
reduce thermal distortion of the shroud carrier 33 and adjacent hardware. A 

15 seal leakage cooling flow 43 may enter a cool upper zone cavity 24 and may be 
induced to recirculate within the cool upper zone cavity 24. The seal leakage 
cooling flow 43 may be the leakage flow from a high pressure seal, such as a 
convoluted high pressure seal 31, radially outward from the shroud carrier 33. 
The cool upper zone cavity 24 may protect the high pressure seal from the hot 

20 gas flow 37. The recirculation cavity 21 may comprise a plurality of surface 
modifications 55. The number, location, and dimensions of useful surface 
modifications 55 may vary with application and may depend on the dimensions 
of the recirculation cavity 21 . Useful surface modifications 55 may induce flow 
recirculation within the recirculation cavity 21 . For an embodiment wherein the 

25 recirculation cavity 21 is a hot ingestion gas zone cavity 22, the seal leakage 
cooling flow 43 may enter the hot ingestion gas zone cavity 22. In this 
embodiment, the seal leakage cooling flow 43 may recirculate with the dilution 
jet cooling flow 40 and the hot gas flow 37. 

[0039] Figure 6 shows a computational fluid dynamics (CFD) analysis of the 
30 hot gas flow 37 ingestion of an embodiment of the present invention. As can be 
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seen, the hot gas flow 37 may be trapped near the hot gas flow path 38. 
Additionally, the dilution jet openings 26 may be shielded from circumferential 
pressure variation. Further, the warm middle zone cavity 23 (partially shown) 
and the cool upper zone cavity 24 (not shown) may be shielded from the hot 
5 gas flow 37. CFD analysis results confirm that the shroud forward cavity can be 
adequately cooled using less forward cavity purge air than is required with the 
prior art. 

[0040] For comparison, a CFD analysis of a prior art shroud forward cavity 50 
hot gas flow 37 ingestion is shown in Figure 7. As can be seen, undiluted hot 

10 gas flow 37 penetrates far into the shroud forward cavity 50. The hot gas flow 
37 may cause hardware distress such as cracking on the shroud carrier 33 and 
thermal distortion and oxidation distress of the shroud segments 28. This 
hardware distress may cause contact between the turbine blades 27 and the 
shroud segments 28, dislodging the shroud segments 28. 

15 [0041] The cooled turbine shroud assembly 19 of the present invention may 
minimize cooling flows to turbine shroud assemblies. The cooled turbine shroud 
assemblies 19 may reduce cooling flow from the compressor from the prior art 
and may enable improvement in fuel consumption. The present invention may 
reduce hardware distress and maintenance costs associated with hot gas flow 

20 37 ingestion at the shroud forward cavity 50 and the shroud aft cavity 57. 

[0042] As can be appreciated by those skilled in the art, the present invention 
provides improved gas turbine cooled shroud assemblies and methods for their 
production. A cooled turbine shroud assembly 19 capable of protecting high 
pressure seals from the hot gas flow 37 and reducing thermal distortion of the 

25 shroud carrier 33 is provided. Also provided are cooled shroud assemblies 19 
capable of significantly attenuating the dynamic pressure circumferential 
variation in the shroud forward cavity 50 that occurs due to the stator airfoil 
trailing edge wakes, reducing hot gas ingestion and improving the shroud 
assembly backflow margin at the dilution jet cooling hole exit. A robust high 

30 temperature cooled shroud assembly is provided that can operate in a higher 
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temperature environment using less cooling flow than the prior art. The present 
invention provides a cooled shroud assembly 19 capable of trapping the 
ingested hot gas flow 37 near the hot gas flow path 38 and reducing the 
circumferential peak temperature in the shroud forward cavity 50 and 21 . Also 
5 provided are cooled shroud assemblies 19 having improved cooling efficiency. 
Further, a cooled shroud assembly 19 capable of reducing hot gas flow 37 
ingestion is provided. 

[0043] It should be understood, of course, that the foregoing relates to 
preferred embodiments of the invention and that modifications may be made 
10 without departing from the spirit and scope of the invention as set forth in the 
following claims. 
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